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Abstract. I present high-order calculations, including soft-gluon corrections,
for single-top and top-antitop production cross sections and differential distri-
butions. For single-top production, results are presented for the three differ-
ent channels in the Standard Model, for associated production with a charged
Higgs, and for processes involving anomalous couplings. For top-antitop pair
production, total cross sections and top-quark transverse-momentum and rapid-
ity distributions are presented for various LHC energies.
1 Introduction
Higher-order soft-gluon corrections have been calculated through N3LO for top-quark pro-
duction via various processes; see Ref. [1] for a review. Here I present the latest results
for t-channel and s-channel single-top production, tW and tH− production, tZ production via
anomalous couplings, and tt¯ production. For all these processes QCD corrections are very
significant and are dominated by soft-gluon corrections.
I calculate and resum these soft corrections at next-to-next-to-leading logarithm (NNLL)
accuracy for the double-differential cross section, which is then used to calculate top-quark
transverse-momentum and rapidity distributions and total cross sections. Finite-order expan-
sions at approximate NNLO (aNNLO) and approximate N3LO (aN3LO), matched to exact
results, provide the best predictions for these quantities.
We calculate soft-gluon corrections for partonic processes of the form
f1(p1) + f2 (p2)→ t(pt) + X
and we define s = (p1 + p2)2, t = (p1 − pt)2, u = (p2 − pt)2, and s4 = s + t + u − ∑m2. At
partonic threshold s4 → 0. The nth-order soft-gluon corrections appear as
[
lnk(s4/m2t )/s4
]
+
where k ≤ 2n − 1.
Moments of the partonic cross section, σˆ(N) =
∫
(ds4/s) e−Ns4/sσˆ(s4), can be written in
factorized form
σ f1 f2→tX(N, ) = H f1 f2→tXIL (αs(µR)) S
f1 f2→tX
LI
(
mt
NµF
, αs(µR)
)∏
Jin (N, µF , )
∏
Jout (N, µF , )
in 4 −  dimensions, where H f1 f2→tXIL is a hard function and S f1 f2→tXLI is a soft-gluon function.
S f1 f2→tXLI satisfies the renormalization group equation(
µ
∂
∂µ
+ β(gs)
∂
∂gs
)
S f1 f2→tXLI = −(Γ†S ) f1 f2→tXLK S f1 f2→tXKI − S f1 f2→tXLK (ΓS ) f1 f2→tXKI
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where the soft anomalous dimension Γ f1 f2→tXS controls the evolution of the soft function, giv-
ing the exponentiation of logarithms of N. To achieve NNLL accuracy we need to calculate
the relevant soft anomalous dimensions at two loops.
2 Single-top production
We now provide results for single-top production in the t-channel, s-channel, and via tW pro-
duction. Fixed-order results for these processes are known at NNLO for the t-channel [2–4]
and s-channel [5], and at NLO for tW production [6]. Here we provide results with soft-gluon
corrections at aNNLO for t- and s-channel production [7], and at aN3LO for tW production
[8]; these results are obtained from NNLL resummation [7–9]. We use MMHT2014 NNLO
pdf [10].
6 7 8 9 10 11 12 13 14
S1/2 (TeV)
10
100
σ
 ( p
b )
t-ch. total
t-ch. top
t-ch. antitop
ATLAS
CMS
Single-top t-channel aNNLO cross sections    mt=172.5 GeV
1.94 1.96 1.98 2
2
2.5
3
CDF&D0
0 50 100 150 200 250
pT  top (GeV)
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
1 /
σ
 
 
d σ
/ d
p T
 
( G
e V
-
1 )
aNNLO
+ CMS
t-channel normalized top pT distribution at LHC     S
1/2
=8 TeV
Figure 1. (Left) Single-top t-channel aNNLO cross sections compared with CMS and ATLAS data at
7 TeV [12, 13], 8 TeV [14, 15], and 13 TeV [16, 17], and with CDF and D0 combined data at 1.96
TeV [18]. (Right) Top-quark aNNLO normalized pT distributions in t-channel production at 8 TeV
compared to CMS [19] data.
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Figure 2. (Left) Single-top s-channel aNNLO cross sections compared to ATLAS and CMS data at 7
TeV [20, 21] and 8 TeV [21, 22], and to CDF and D0 combined data [23] at 1.96 TeV. (Right) aN3LO
cross sections for tW production compared to ATLAS and CMS data at 7 TeV [24, 25], 8 TeV [26], and
13 TeV [27, 28].
We begin with t-channel production at aNNLO. In the left plot of Fig. 1 we display total
t-channel cross sections as functions of collider energy at the LHC and (inset) at the Tevatron.
Results are given for the single-top cross section, the single-antitop cross section, and their
sum. We observe very good agreement of the aNNLO theory curves [7, 11] with all available
data from the LHC and the Tevatron at various energies. The right plot of Fig. 1 shows
the aNNLO normalized top-quark pT distributions at 8 TeV LHC energy, which describe the
corresponding data from CMS [19] quite well.
We continue with s-channel production at aNNLO. In the left plot of Fig. 2 we show cross
sections for single-top and single-antitop s-channel production, and their sum, as functions
of energy at the LHC and (inset) at the Tevatron. We again observe very good agreement of
the aNNLO theory curves [7, 11] with available data at LHC and Tevatron energies.
We next discuss tW production at aN3LO. In the right plot of Fig. 2 we show the total
tW−+t¯W+ cross section as a function of LHC energy. Very good agreement is observed
between the aN3LO results [8, 11] and the data at 7, 8, and 13 TeV energies.
3 tH− production
We continue with tH− production in the MSSM or other two-Higgs-doublet models [29]. We
use MMHT2014 NNLO pdf [10] for our numerical results.
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Figure 3. (Left) aN3LO cross sections for tH− production. (Right) aNNLO cross sections for tZ
production via anomalous couplings.
In the left plot of Fig. 3 we show the aN3LO total cross section for tH− production [11] as
a function of charged-Higgs mass at LHC energies of 7, 8, 13, and 14 TeV. We use tan β = 30.
The soft-gluon corrections are large for this process. Top-quark pT and rapidity distributions
in this process have also been presented in [29].
4 tZ production via anomalous couplings
Next, we discuss soft-gluon corrections in tZ production in models with anomalous t-q-Z
couplings [30, 31]. The NLO corrections for this process were calculated in Ref. [32]. The
complete NLO corrections are very well approximated by the soft-gluon corrections at that
order.
We use CT14 pdf [33] for our numerical results in this process. In the right plot of Fig.
3 we plot the aNNLO total cross section for tZ production as a function of top-quark mass at
LHC energies of 7, 8, 13, and 14 TeV.
The K-factors shown in the inset plot show that the aNNLO corrections are large and
significantly enhance the NLO cross section, especially at lower energies. This is important
in providing theoretical input to experimental limits on the couplings [34, 35]. Top-quark
differential distributions in this process have been presented in Ref. [31].
Similar results have more recently been presented for tγ production via anomalous cou-
plings in Ref. [36].
5 Top-antitop pair production
Finally, we discuss top-antitop pair production [37, 38]. The soft anomalous dimensions are
2 × 2 matrices for the qq¯→ tt¯ channel, and 3 × 3 matrices for the gg→ tt¯ channel.
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Figure 4. Top-antitop aN3LO cross sections compared with CMS data at 5.02 TeV [41] and with
ATLAS and CMS data at 7 TeV [42, 43], 8 TeV [43, 44], and 13 TeV [45, 46] LHC energies. The inset
shows the aN3LO cross section compared with CDF [47] and D0 [48] data at 1.8 TeV, and CDF&D0
combined data [49] at 1.96 TeV Tevatron energy.
At one loop for qq¯ → tt¯, the elements of the Γqq¯→tt¯S matrix in an s-channel singlet-octet
color basis are
Γ
qq¯→tt¯ (1)
11 = Γ
(1)
cusp , Γ
qq¯→tt¯ (1)
12 =
CF
CA
ln
(
t1
u1
)
, Γ
qq¯→tt¯ (1)
21 = 2 ln
(
t1
u1
)
,
Γ
qq¯→tt¯ (1)
22 =
(
1 − CA
2CF
)
Γ
(1)
cusp + 4CF ln
(
t1
u1
)
− CA
2
1 + ln  sm2t t21
u41
 .
At two loops for qq¯→ tt¯, the elements of the Γqq¯→tt¯S matrix are
Γ
qq¯→tt¯ (2)
11 = Γ
(2)
cusp , Γ
qq¯→tt¯ (2)
12 =
(K
2
− CA
2
N2l
)
Γ
qq¯→tt¯ (1)
12 ,
Γ
qq¯→tt¯ (2)
21 =
(K
2
+
CA
2
N2l
)
Γ
qq¯→tt¯ (1)
21 ,
Γ
qq¯→tt¯ (2)
22 =
K
2
Γ
qq¯→tt¯ (1)
22 +
(
1 − CA
2CF
) (
Γ
(2)
cusp − K2 Γ
(1)
cusp
)
.
See also Ref. [1] for more details. Here Γcusp is the cusp anomalous dimension [39].
The soft-gluon corrections are large and they are excellent approximations to the complete
corrections at both NLO and NNLO. The additional corrections at aN3LO provide further
significant enhancements and must be included for precision physics. Another approach for
the aN3LO corrections has appeared recently in Ref. [40].
In our numerical results below we use the MMHT2014 NNLO pdf [10]. The total top-
antitop cross sections at aN3LO [38] are shown in Fig. 4 and compared with data at Tevatron
and LHC energies. We find remarkable agreement between theory and data at all energies.
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Figure 5. aN3LO top-quark normalized pT distributions (left) at 13 TeV energy compared with CMS
[50] data and (right) at 8 TeV energy compared with ATLAS [51] data.
The aN3LO top-quark normalized pT distributions in tt¯ production are shown in Fig.
5 at 13 TeV (left plot) and 8 TeV (right plot) and compared with CMS and ATLAS data
respectively. We find excellent agreement of the theoretical predictions with the data.
-4 -2 0 2 4
Y
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
1 /
σ
  d
σ
/ d
Y
aN3LO  µ=mt
µ=mt/2, 2mt
+ CMS dilepton
Normalized top rapidity distribution at  LHC    S1/2=13 TeV    
-3 -2 -1 0 1 2 3
Y
0
0.1
0.2
0.3
0.4
1 /
σ
 
 
d σ
/ d
Y
aN3LO  µ=mt
µ=mt/2, 2mt
+ CMS l+jets
Normalized top rapidity distribution at LHC   S1/2=8 TeV
Figure 6. Top-quark aN3LO normalized rapidity distribution at (left) 13 TeV energy compared with
CMS data [50] and (right) 8 TeV energy compared with CMS data [52].
The aN3LO top-quark normalized rapidity distributions in tt¯ production are shown in Fig.
6 at 13 TeV (left plot) and 8 TeV (right plot) and compared with CMS data. Again, we find
that the theory curves provide an excellent description of the data.
6 Summary
We have discussed cross sections and distributions for various top-quark production pro-
cesses. Soft-gluon corrections are important in all cases. We have shown results for t-channel
and s-channel single-top production at aNNLO, tW production at aN3LO, tH− production at
aN3LO, tZ production via anomalous couplings at aNNLO, and tt¯ production at aN3LO. We
find excellent agreement with available collider data. The higher-order corrections are very
significant and need to be included for better theoretical predictions.
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